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Available online 19 March 2016Cotton ﬁber length is a key factor in determining ﬁber quality in the textile industry throughout the world. Un-
derstanding themolecular basis of ﬁber elongationwould allow for improvement of ﬁber length. Ligon-lintless 1
(Li1) is amonogenic dominantmutation that results in short ﬁbers. Thismutant provides an excellentmodel sys-
tem to study the molecular mechanisms of cotton ﬁber elongation. Microarray technology and quantitative real
time PCR (qRT-PCR)were used to evaluate differentially expressed genes (DEGs) in the Ligon-lintless 1 (Li1)mu-
tant compared to the wild-type. Although the results showed only a few differentially expressed genes at−1, 3
and 7 days post anthesis (DPA); at 5 DPA, there were 1915 DEGs, including 984 up-regulated genes and 931
down-regulated genes. The critical stage for early termination of Li1 ﬁber elongation was 5 DPA, as there were
the most differentially expressed genes in this sample. The transcription factors and other proteins identiﬁed
might contribute to understanding themolecular basis of earlyﬁber elongation. Geneontology analysis identiﬁed
some key GO terms that impact the regulation of ﬁber development during early elongation. These results pro-
vide some fundamental information about the TFs thatmight provide new insight into understanding themolec-
ular mechanisms governing cotton ﬁber development.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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Cotton ﬁber is not only the largest renewable resource of the textile
industry throughout the world but also an excellent model for testing
gene expression associatedwithﬁber elongation. Cottonﬁber is a highly
elongated single cell derived from the ovule epidermis on or around the
day of anthesis (Basra and Malik, 1984; Lee et al., 2007). Only approxi-
mately 25% of ovule epidermal cells differentiate into spinnable ﬁber
cells during the initiation stage of cotton ﬁber (Tiwari and Wilkins,
1995). Cotton ﬁber development can be grouped into four overlapping
stages: initiation (−3 ~ 0 DPA), elongation (1–25 DPA), secondary cell
wall formation (16–40 DPA) and maturation (40–50 DPA) (Tiwari and
Wilkins, 1995). Fiber initiation and elongation have a great effect on
the number, length and ﬁneness of ﬁbers, which aremajor factors in de-
termining lint quality and yield. In recent years, by comparing the
transcriptomes of different tissues, transcription factors such as MYB
andWRKY and genes encoding proteins involved in auxin, gibberellins,47077@qq.com (X. Leng),
Y. Jia), gwf018@126.com
. This is an open access article underethylene, brassinosteroid acid, abscisic acid and other metabolic path-
ways were identiﬁed to play a main role in ﬁber cell development
(Samuel Yang et al., 2006). Cotton ﬁber development is regulated by a
network of genes rather than a single gene; however, the lack of infor-
mation at the molecular level concerning the genes and regulatory
components that regulate ﬁber development is one of the main imped-
iments in understanding the genetics to improve cotton ﬁber. Cotton
ﬁber mutants are useful tools for understanding the genetics and phys-
iology of cotton ﬁber development (Bolton et al., 2009; Ding et al., 2014;
Ji et al., 2003; Kwak et al., 2009; Wang et al., 2010). Several cotton ﬁber
mutants have been discovered, one of which is the dominant mutation
in Ligon-lintless1 (Li1) (Rong et al., 2005). This mutant exhibits abnor-
mal morphological characteristics including distorted leaves, stems
and extremely short lint ﬁber length on the mature seed, which only
reach 4–6 mm in length (Gilbert et al., 2013b). To understand the ab-
normal growth of the Lilmutant, it is necessary to gain insight into the
genes and elements that are required to control ﬁber length, strength
and cell wall characteristics (Gilbert et al., 2013b). A previous study in-
dicated that the Li1 gene is located on chromosome 22 (Karaca et al.,
1999). Compared to the wild-type ovules, there were only a few genes
in the Ligon-lintless1mutant ovules that showed differential expression
during the ﬁber initiation stage (Liu et al., 2012). Co-expression of some
secondary cell wall development-related genes, such as expansin,the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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the early ﬁber development of Li1; however, they were expressed dur-
ing the ﬁber elongation stage in wild-type cotton, possibly elucidating
themechanism underlying the phenotype of the Ligon-lintless1mutant
(Bolton et al., 2009; Gilbert et al., 2013b). Prior studies usingmicroarray
and RNA-seq analysis have attempted to identify the genes that impact
theﬁber that is produced by the Li1mutant during the elongation stages
(Bolton et al., 2009; Gilbert et al., 2014; Liu et al., 2012;Naoumkina et al.,
2015; Rong et al., 2005). In this study,we usedmicroarray technology to
identify the genes and their functions during early ﬁber development
(−1, 3, 5 and 7 DPA). Genes that were differentially expressed between
the Li1mutant and the wild-type were analyzed in reference to the AD
cotton genome. This research provides new information on the devel-
opment of cotton ﬁber thatmay impact further studies on themolecular
mechanisms that regulate cotton ﬁber development.
2. Materials and methods
2.1. Plant materials
Upland cotton (Gossypiumhirsutum L.) Ligon-lintless 1 (Li1)mutants
and wild-types (li1) were planted in the experimental ﬁeld at the Insti-
tute of Cotton Research, the Chinese Academy of Agricultural Sciences
(ICR, CAAS) under conventional ﬁeld management conditions. Flowers
on one day before anthesis were tagged for self-pollination. Developing
bolls were collected at the following time points:−1, 3, 5 and 7 days
post anthesis (DPA). Harvested bolls were frozen in liquid nitrogen
and stored at−08 °C until the RNA was extracted.
2.2. RNA extraction and microarray hybridization
Total RNAwas extracted from ovules and ﬁbers from Ligon-lintless 1
and wild-type using the CTAB-sour phenol extraction method. RNA
samples were treated using DNase 1 to remove genomic DNA. RNA ex-
tracted from−1, 3, 5 and 7 DPA cotton ﬁbers was used to make cDNA
probes. The mutant cDNA was labeled using Cy-5 (red) and the wild-
type cDNA was labeled using Cy-3 (green) (CapitalBio). There was one
stable control, ﬁve hybridization controls and eight exogenous system
controls for each microarray; 50% DMSO was used as the negative con-
trol. The wild-type andmutant cDNAs were hybridized to the 12 K Cot-
ton cDNA Array (CapitalBio Corp) (Shi et al., 2006); three biological
replicates were performed.
2.3. Data acquisition, statistical analysis and clustering
All microarray slides were scanned using a LuxScan 10KA two-stand
laser scanner (CapitalBio Corp) and the raw data were extracted using
LuxScan 3.0 software (CapitalBio Corp). For double passagemicroarrays,
the scanning set for the Cy-3 and Cy-5 passageswere normalized by the
optical examination of an external spot set control on the gene chip. The
LOWESS (LocallyWeighted Scatterplot Smoothing)methodwas used to
normalize the double passage data by using the signals from the Cy3-
labeled sample. The signal intensity ratios for the experimental and con-
trol samples were used to perform cluster analysis; duplicate spots on
each slide were used as two single values for analysis. SAM software
was used to screen for differentially expressed genes. The standard
false discovery rate (FDR) below 0.05 was used to control for multiple
testing errors (Hochberg and Tamhane, 1987). Differentially expressed
genes were identiﬁed based on a ratio of mutant/wild-type expression;
ratios ≥1.5 were considered up-regulated and those ≤0.67 were consid-
ered down-regulated. Bio-informatic analysis was performed using
MAS (microarray analysis system). Hierarchical clustering, using the av-
erage linkage method, was used on those genes that showed signiﬁcant
ﬁber-speciﬁc expression during different stages of development; cluster
data were visualized using Genesis_v1.7.6.30.09.10-DIGERATI software.GO annotations were analyzed using WEGO (Web Gene Ontology
Annotation Plot).
2.4. Semi-quantitative RT-PCR and quantitative reverse transcription PCR
(qRT-PCR) validation
Total RNA used for qRT-PCR was extracted from four cotton ovules
and four ﬁbers from the developmental time points speciﬁed before;
three biological replicates were performed. Following genomic DNA
removal using DNase 1, approximately 3 μg of RNAwas used for reverse
transcription using a cDNA synthesis kit (Shanghai Sangon). The
speciﬁc primers were designed using Oligo 6 software (Supplementary
Table 1), and the primer templates used for microarray probes were
synthesized by TAKARA Biotechnology. Cotton UBQ 7 (accession num-
ber AY189972) and 18S RNA were used as internal controls. The qRT-
PCRwas carried out using SYBR®Green Premix kit (TaKaRa Biotechnol-
ogy, Dalian, China). The composition of the PCR mix was as follows:
0.4 μl of each primer (10 μM), 10 μl of 2 × SYBR Premix ExTaq™, 1 μl
of cDNA and 8.2 μl RNase-free water. The qRT-PCR was performed on
a Lightcycle-480 (Roche). The qRT-PCR began with 10 min at 95 °C,
followed by 45 cycles at 95 °C for 15 s and 60 °C for 20 s and 30 s of ex-
tension at 72 °C. Three independent experiments were performed for
each biological replicate, and the ampliﬁcation data were analyzed
using Roche 480 software.
2.5. Bioinformatics analysis
Nucleotide sequence similarity was analyzed using EMBOSS
(http://www.ebi.ac.uk/Tools/emboss/align/), and the ORF was
identiﬁed using ORFﬁnder (Wheeler et al., 2003) (http://www.
ncbi.nlm.nih.gov/projects/gorf/). The DNA regulatory sequences
were analyzed using PlantCARE (http://bioinformatics.psb.ugent.be/
webtools/plantcare/html/) and gene structure analysis was performed
using InterPro (http://www.ebi.ac.uk/Tools/InterPro Scan/). Expasy
ProtParam (http://cn.expasy.org/tools/protparam.html) was used to
predict the isoelectric point (PI) and molecular weight of each protein.
Genes were annotated by using the BGI v1.0 assembly & the annotated
genome sequences of Gossypium hirsutum L. (AD1) (https://www.
cottongen.org/data/download/genome_BGI_AD1).
3. Results
3.1. Nature of Li1 mutant ﬁber during initiation and early elongation
Mutation in the Ligon-lintless1 (Li1) gene produces pleiotropic
effects both on vegetative growth and ﬁber development. The Ligon-
lintless1mutant exhibits a stunted growth during the preliminary seed-
ling stage and produces an extremely short ﬁber (Fig. 1). For early ﬁber
development, MAS analyses showed no discernable differences in the
appearance of ovules from Ligon-lintless1 and the wild-type on −1
and 3 DPA. The mutant ﬁber began normal initiation as visualized at
−1 DPAwith no apparent differences in the distribution of initial ﬁbers
on the ovule surfaces. Similarly, Li1 mutant and wild-type ﬁber mor-
phology appeared the same during the early elongation stage of ﬁber
development until 3 DPA. Signiﬁcant differences were observed at 5
DPA. The 5 DPA stage was critical for the early termination of Li1 ﬁber
elongation, as there were the most differentially expressed genes in
the 5 DPA samples; transcription factors and other proteins identiﬁed
might contribute to understanding the molecular basis of early ﬁber
elongation.
3.2. Identiﬁcation of differentially expressed genes during the early
elongation stage between the Li1 mutant and wild-type using microarrays
To elucidate themolecular mechanisms regulating early ﬁber devel-
opment, four samples of ovules and ﬁbers were harvested from the Li1
Fig. 1. The Ligon-lintless1 and its wild-type plant, and the opening boll and seed ﬁbers of Ligon-lintless1 and its wild-type. Wild-type plant (A), Ligon-lintless1 plant (B), wild-type seed
ﬁbers (C) and Ligon-lintless1 seed ﬁbers (D).
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gene expression levels in the ovules and ﬁbers during the initiation
and early elongation stages. We identiﬁed 2364 DEGs, including 12
DEGs at −1 DPA, 128 DEGs at 3 DPA, 1915 DEGs at 5 DPA and 309
DEGs at 7DPA.When comparing the differentially expressed genes across
3, 5 and 7 DPA, only three geneswere up-regulated, and theywere anno-
tated as CotAD_20959 (CCCH-type Zinc ﬁnger), CotAD_73235 (Calcium-
binding EF-hand) and CotAD_66768 (1-aminocyclopropane-1-carbox-
ylate synthase). Therewere 34 genes speciﬁc to 3 DPA, 70 genes speciﬁc
to 7 DPA and 894 genes thatwere speciﬁc to 5 DPA (Fig. 2A). For down-
regulated genes, therewere only two common genes found at 3, 5 and 7
DPA; therewere 72 genes speciﬁc to 3 DPA, 124 geneswere speciﬁc to 7
DPA and 911 genes were speciﬁc to 5 DPA (Fig. 2B). Interestingly, this
result reveals that a majority of DEGs were found at 5 DPA between
the Li1mutant and the wild-type. Thus, 5 DPA is most likely the turning
point for early ﬁber development in Li1mutant. For further analysis of
DEGs, we focused only on genes that are regulated during 3, 5 and 7
DPA.3.3. Gene ontology (GO) categories associated with differentially expressed
genes
To determine the possible biological functions thatwere altered dur-
ing early ﬁber development; we comparedDEGs at 3, 5 and 7 DPA using
WEGO gene ontology annotation. Our results indicate that the number
of genes represented by each GO term was different at 3, 5 and 7 DPA
in the categories of biological process and molecular function. In con-
trast, there were few differentially expressed genes at 3, 5 and 7 DPA
that were found in the cellular component category (Fig. 3). For the bi-
ological process category, genes annotatedwith the followingGO terms,
multi-organismprocess, multicellular organismal process, reproduction
and reproductive process, were expressed only at 5 DPA. The genes an-
notated with the terms anatomical structural formation and cellular
component biogenesis were expressed at 5 and 7 DPA. For molecular
function, genes with the terms electron carrier and enzyme regulator
were expressed only at 5 and 7 DPA; genes with the term molecular
transducer were expressed only at 5 DPA, while the genes annotated
Fig. 2. Venn diagram showing of the gene expressed in three stages of ovules and ﬁber development. Up-regulation genes (A) and Down-regulation genes (B) showed DEGs during the
ﬁber elongation at 3, 5 and 7 DPA in Li1/wild-type (WT).
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(Supplementary Table 2).
3.4. Cluster analysis of differentially expressed genes during early ﬁber
development
Genes with parallel expression patterns are often functionally
correlated. We performed a cluster analysis of the gene expression
patterns to identify clusters with functional enrichment; the cluster
analysis identiﬁed at least four groups. The majority of these genes
have been shown to be up-regulated at 5 DPA and 7 DPA and down-
regulated at 3 DPA (Fig. 4). The ﬁrst group included four genes,
CotAD_05343, CotAD_14056, CotAD_25811 and CotAD44037, that
were all down-regulated at 5 DPA; three were up-regulated at 7 DPA,
but only one gene, CotAD_05343 (glycoside hydrolase, family 28), was
up-regulated at 3 DPA. The second group included 17 genes, including
four members of the Hsp20 heat shock protein family (CotAD_09470,Fig. 3. Functional categorization of differentially expressed genes during early cotton ﬁber dev
categories that were signiﬁcantly enriched were analyzed in pairwise comparisons (3, 5 and 7CotAD_26951, CotAD_29552, CotAD_40001), two zinc ﬁnger
proteins (CotAD_37072, CotAD_04644), one helix–loop-helix DNA-
binding protein (CotAD_27190) and one protein kinase (CotAD_35157),
all of which were highly down-regulated at 3, 5 and 7 DPA. The
third group included 66 genes most of which were up-regulated at 5
and 7 DPA and down-regulated at 3 DPA. Only two signal transduc-
tion response regulator genes were up-regulated at 3 DPA and
down-regulated at 5 DPA. However, the genes encoding 1-
aminocyclopropane-1-carboxylate(CotAD_06129), ornithine/DAP/
Arg decarboxylase (CotAD_19166) and C2 calcium-dependent mem-
brane targeting (CotAD_57989), SANT/Myb domain (CotAD_16726)
were all highly expressed at 5 and 7 DPA in the Li1mutant compared
with the wild-type. The fourth group comprised 41 genes and a ma-
jority of these genes were highly up-regulated at 5 DPA. This group
can be divided into three sub-groups: Sub-group 4–1 includes ﬁve
genes, four of which were up-regulated at 5 and 7 DPA; one gene
(Glutathione S-transferase, N-terminal: CotAD_57509) was down-elopment in Li1/wild-type analyzed byWEGO Gene Ontology Annotation. Gene Ontology
DPA). Percentages are based on the proportion of the number of genes in each set.
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CotAD_24142) was up-regulated at 3 DPA. Sub-group 4–2 includes 15
genes. All of these genes were up-regulated at 5 and 7 DPA and include:
xyloglucan endotransglucosylase (CotAD_06195), fumarate reductase/
succinate dehydrogenase and ribonuclease T2 (CotAD_65729). The
translation initiation factor SUI1 (CotAD_07024) and NAD-dependent
epimerase/dehydratase (CotAD_66516) were both down-regulated at 3
DPA. Sub-group 4–3 included 21 genes, all of which exhibited up-
regulation at 3, 5 and 7 DPA. As examples, 1-aminocyclopropane-1-
carboxylate (CotAD_06129), calcium-binding EF-hand (CotAD_73235),
zinc ﬁnger (CotAD_56730), plant peroxidase (CotAD_54288), pyridine
nucleotide-disulﬁde oxidoreductase (CotAD_12642) and protein kinase
(CotAD_49588) were up-regulated in the mutant (Supplementary
Table 3).
3.5. Validation of microarray data by RT-PCR and qRT-PCR
We used qRT-PCR to validate the expression patterns identiﬁed
by the microarray results, with three biological replicates. We selected
six genes to conﬁrm the microarray results: ornithine decarboxylase
(ODC, CotAD_19166), 1-aminocyclopropane-1-carboxylate (ACO, Cot
AD_06129), xyloglucan endotransglycosylases/hydrolases (XET or XEH,
CotAD_06195), protein kinase (CIPK, CotAD_35157), C2 calcium-
dependent membrane targeting (JLL, CotAD_57989) and auxin-binding
protein (ABP, CotAD_00361). Expression patterns for the six genes were
analyzed using RT-PCR (Fig. 5). The results indicate a good correlation
between the transcript abundance assayed using the microarrays and
the expression proﬁle obtained using qRT-PCR (Fig. 6A and B).
In summary, the validation tests indicate that there is a high degree
of concordance between the qRT-PCR results compared to the microar-
ray data. Thus, the genes encoded by ODC, ACO, ABP, JLL, XET and CIPK
are the best candidates for genes responsible for early cotton ﬁber de-
velopment in the Li1mutant.
4. Discussion
Cotton ﬁber development is a complex process that is regulated by
multiple factors. The Li1 cotton mutant can initiate lint ﬁber formation
normally from an ovule at the day of anthesis and continuously develop
normal ﬁber cells until 3 DPA. Abnormal primary elongation, cellulose
synthesis and deposition that happen subsequently can produce a sig-
niﬁcantly shorter ﬁber. Recently, the gene expression proﬁle of the Li1
mutant ﬁber at 15 DPA was shown to be similar to that of wild-type
usingmicroarraymethods (Bolton et al., 2009). Differentially expressed
genes were detected in both 6 DPA (Liu et al., 2012) and 8 DPA ﬁbers
(Gilbert et al., 2014). When and why Li1 mutant ﬁber elongation is
stopped remains largely unknown. The main goal here was to investi-
gate gene expression proﬁles in the Li1mutant during early ﬁber devel-
opment. At ﬁrst, we found that 5 DPA was a critical stage for early ﬁber
elongation. Although our microarray analysis indicated that only a few
geneswere signiﬁcantly different at−1 DPA, 3 DPA and 7 DPA between
the Li1mutant and the wild-type, there were many genes that showed
signiﬁcantly different expression levels at 5 DPA in the Li1mutantwhen
compared to the wild-type (Fig. 2). The GO results suggest that early
ﬁber development of the Li1mutantwasmostly related to the function-
al categories biological process and molecular function (Fig. 3). The dif-
ferences in the biological process and molecular function genes
between the Li1mutant and the wild-type across 3, 5 and 7 DPA may
have caused gene expression changes during early ﬁber development
in Li1 mutant (Supplementary Table 2). Cotton ﬁber elongation is aig. 4. Complete linkage hierarchical cluster analysis of 129 differentially expressed genes
Li1mutant and its wild-type. Log 2 Ratio was indicated on a color scale from red (high)
green (low). Gene's names are on the right side of the ﬁgure, and the three stages ofF
in
to
ﬁber development.
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(Gilbert et al., 2014). Therefore, we concluded that the Li1mutant is a
critical gene that can both directly and indirectly affect many other
genes that are involved in cotton energy metabolism, plant growth, de-
velopment and morphogenesis. Cluster analysis of genes that were dif-
ferentially expressed between the Li1 mutant and the wild-type, at
three different stages of ﬁber elongation, showed that a majority of
DEGs were up-regulated at 5 and 7 DPA and down-regulated at 3 DPA,
suggesting that they may contribute to short ﬁber production in the
Li1 mutant. From our results, we identiﬁed two families of zinc ﬁnger
proteins; the ﬁrst is the zinc ﬁnger RING-type family that had two
genes that were both down-regulated at 3 and 5 DPA in the Li1mutant.
This result is consistent with results obtained by Padmalatha, who sug-
gests that zinc ﬁnger family transcription factors are down-regulated at
the ﬁber initiation and elongation stages (Padmalatha et al., 2012). The
second is the zinc ﬁnger CCCH-type family that has only one gene and
was up-regulated at 5 and 7 DPA in Li1mutant compared to the wild-
type. This result agrees with the result obtained by Thyssen et al.
(2014). It has also been reported that zinc ﬁngers regulate trichome
cell development through gibberellin (GA) and cytokinin signaling in
Arabidopsis (Zhou et al., 2013). Recent reports suggest that zinc ﬁngers
are candidate genes affecting ﬁber development in the Li2 mutant
(Thyssen et al., 2014). We propose that the two families of zinger ﬁnger
genes could be involved in ﬁber development. SANT/Myb transcription
factor was up-regulated at 5 DPA and down-regulated at 3 DPA,
suggesting that this transcription factor may play a critical role in con-
trollingﬁber development in the Li1mutant.Moreover,MYBwas signif-
icantly differentially expressed between Li2 and wild-type during the
later stage of ﬁber development (Thyssen et al., 2014). However, our
study demonstrates that myb TFs could be playing a role in early ﬁber
development. The last transcription factor identiﬁed in this work, the
leucine zipper domain, was up-regulated at 5 and 7 DPA in the mutant.
Transcription factor of the basic-leucine zipper (bZIP) family controls
important processes including, morphogenesis, seed formation and abi-
otic and biotic stress responses in plants (Alves et al., 2013). In addition,
bZIP factors play a central role in regulating cotton ﬁber development
through GA (Shan et al., 2014). Our results suggest that three families
of transcription factors (zinc ﬁnger, MYB and leucine zipper) are the
most likely candidates for genes that are responsible for early ﬁber de-
velopment in cotton.
For the transcripts that encode protein kinases and the catalytic
domains, we identiﬁed three protein kinase genes that were down-
regulated at 5 and 7 DPA in Li1 mutant. Our results strongly suggestFig. 5. Expression patterns of the candidate genes (6 genes) in the Li1mutant and its wild-
type were analyzed by semi-quantitative PCR of ovules, and ﬁber at different
developmental stages of between Ligon-lintless1 mutant (Li1) and its wild-type (WT) at
−1, 3, 5 and 7 DPA (days post anthesis).that protein kinases might play major roles in the modulation of early
ﬁber elongation. Previous studies have shown that high levels of protein
kinases are required for normal ﬁber development (Liu et al., 2012);
consistent with this, CDPK (Huang et al., 2008) and MAPK (Wang
et al., 2005) are expressed to higher levels in the wild-type compared
to the Li1 mutant, which had lower levels of kinase expression. Prior
studies found that protein kinaseswere present at high levels of expres-
sion during ﬁber development (Liu et al., 2012). The expression level of
CIPK was signiﬁcantly reduced in the Li1mutant compared to the wild-
type during the elongation stage. Transcripts encoding protein phos-
phatases were down-regulated at 5 and 7 DPA in the Li1 mutant
compared to the wild-type. A recent study showed that protein phos-
phatases, i.e., serine/threonine phosphatases, play diverse roles in tran-
scription, translation, differentiation, cell cycle and signal transduction
in many organisms (Du et al., 2013).
Genes that encode heat shock proteins included six members of the
heat shockproteinHsp20 family, chaperonin Cpn10 andheat shockpro-
tein DnaJ; all were down-regulated at 3 and 7 DPA, while heat shock
protein DnaJ was expressed to high levels at 5 DPA in the Li1 mutant
compared to the wild-type. However, until now there have been no
studies to indicate that HSP proteins can regulate ﬁber development
(Ding et al., 2014). These results suggest that heat shock proteins
could be involved in the disruption of important biological processes
and abnormalﬁber development in the Li1mutant. ACO (1-aminocyclo-
propane-1-carboxylate) was signiﬁcantly up-regulated at 5 and 7 DPA
in the Li1 mutant compared to wild-type during the same period. It
has been reported that ACO genes responsible for ethylene production
are expressed to signiﬁcantly higher levels during ﬁber development
(Shi et al., 2006). In this work, we found higher levels of ethylene pro-
duced during ﬁber development at 5 and 7 DPA in the Li1mutant, pos-
sibly leading to short ﬁber development. This result is consistent with
previous studies that reveal that high levels of ethylene during the
ﬁber elongation stage might be responsible for early senescence during
ﬁber development (Li et al., 2014; Shi et al., 2006). Auxin-binding pro-
tein (ABP) was up-regulated at 5 DPA in the Li1 mutant. We suggest
that high levels of ABP could stop early ﬁber development in Li1mutant.
This result is consistent with the report by Gilbert, who suggests that
ABP accumulation is high in mutant ﬁbers (Gilbert et al., 2013a). Previ-
ous studies have suggested that high levels of ABP can inhibit cotton
ﬁber cell elongation in the in vitro cotton ovule culture system
(Beasley and Ting, 1974). Moreover, ABP mediates auxin-induced cell
elongation and, directly or indirectly, cell division (Ji et al., 2003). In
our study, transcript encoding the signal transduction response regula-
tor was up-regulated at 3 DPA and down-regulated at 5 DPA; however,
cotton ﬁber elongation is regulated by a complex system of hormones
and signal transduction proteins (Gilbert et al., 2014). Transcripts
encoding plant peroxidase were up-regulated at 5 and 7 DPA in Li1mu-
tants contrary to the results of Ding, which suggest that H2O2 was
down-regulated in Li1 mutant leaves. However, previous studies sug-
gest that H2O2was accumulated and predominantly expressed in rapid-
ly elongating cottonﬁbers (Huang et al., 2008;Mei et al., 2009;Qin et al.,
2008). In addition, transcripts encoding calcium-binding EF-hand fami-
ly proteins were up-regulated at 3, 5 and 7 DPA in the Li1mutant com-
pared to the wild-type. This result was different from the previous
report, which indicated that the calcium-binding EF-hand was highly
down-regulated during ﬁber initiation and development in mutants
(Padmalatha et al., 2012). Transcripts encoding suppressor of K+ trans-
port growth defect 1, an AAA-type ATPase family protein, were up-
regulated at 5 and 7 DPA in the mutant. Our results were in agreement
with the recent reports that suggested that the concentrations of K+ and
other detected ions were signiﬁcantly higher in Li1 mutants than in
wild-type (Naoumkina et al., 2015). Our results show that high accumu-
lation of ions in the Li1mutant could lead to the production of short ﬁ-
bers. The transporting ATPase, F1 complex, delta was up-regulated at 5
and 7 DPA in the mutant. This gene is required for mitochondrial ATP
synthesis and to keep a higher ATP:ADP ratio, which facilitates cotton
Fig. 6. The trend line of six DEG by microarray method (A) and the trend line of six DEG by qRT-PCR (B).
65H. Salih et al. / Plant Gene 6 (2016) 59–66ﬁber elongation (Pang et al., 2010). However, transcript encoding the
oligopeptide transporter was up-regulated in the mutant at 5 and 7
DPA. This oligopeptide transporter in Arabidopsis is believed to be im-
portant for the transport of small peptides across cellular membranes
(Koh et al., 2002).
Ornithine decarboxylase (ODC) was up-regulated at 5 and 7 DPA in
the Li1mutant. Our results suggest that lower expression of this gene is
required for the normal ﬁber development. This suggests that ODC is
associated with rapid cell growth and cell division in eukaryotes
(Theiss et al., 2002). It was found to be active during growth and somat-
ic embryogenesis and could contribute to a polyamine biosynthesis
(Loukanina and Thorpe, 2008). Xyloglucan endotransglucosylase
(XET) was up-regulated at 5 and 7 DPA in Li1 mutant compared to
wild-type. Our results suggest that the high expression during early
ﬁber development in Li1 mutant may cease or slow the early ﬁber
development in cotton. However, this result is not in agreement with
results obtained by Shao, who suggests that higher XET activity can
cleave the xyloglucan-cellulose chains thereby loosening the ﬁber cell
wall and promoting ﬁber cell elongation in wild-type compared to the
mutant (Shao et al., 2011). Previous reports indicate that xyloglucan
endotransglycosylases/hydrolases (XTH) can cleave and reattach
xyloglucan polymers that make up the hemicellulose matrix of
wild-type cell walls (Ding et al., 2014). XTH inﬂuences plant cell
wall polysaccharide structure (Perrin, 2008) and provides clues
about the cellular makeup of the cotton ﬁber (Kumar et al., 2013).
C2 calcium-dependent membrane targeting (JLL) was up-regulated
at 5 and 7 DPA in Li1 mutant compared to wild-type. This result did
not agree with earlier reports that suggest that C2 calcium-dependent
membrane targeting protein was highly down-regulated at initiation
and elongation ﬁber in the ﬂ mutant (Padmalatha et al., 2012). Ourstudy provides important information for understanding the molecular
mechanisms regulating cotton ﬁber development.
5. Conclusion
This is the ﬁrst report that has explored the effects of the Li1mutant
on theAD cotton genome.We usedmicroarraymethods and theAD cot-
ton genome to compare the transcripts of Li1mutants to the wild-type
during ﬁber initiation and early elongation. The most signiﬁcant DEGs
occur at 3, 5 and 7 DPA; GO analysis and cluster analysis of these DEGs
provide important insights into the underlying molecular mechanisms
that control cotton ﬁber elongation. The most critical stage for the
early termination of Li1 ﬁber elongation was 5 DPA, as there were the
most differentially expressed genes in these samples. We identiﬁed a
large number of transcription factors, such as zinc ﬁnger, MYB and
basic-leucine zipper, hormones (ACO and ABP) and other proteins that
might contribute to the understanding of the molecular basis of early
ﬁber elongation. These results provide some fundamental information
about the transcription factors and other proteins that might provide
new insight into understanding the molecular mechanisms governing
cotton ﬁber development. Further hypothesis-driven molecular analy-
seswill allow us to fully elucidate themolecularmechanisms regulating
early ﬁber development.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.plgene.2016.03.006.
Conﬂict of interest
The authors declared that they have no conﬂict of interest.
66 H. Salih et al. / Plant Gene 6 (2016) 59–66Acknowledgments
This project was funded by the National Science and Technology
Support Program of China (No. 2013BAD01B03). We are thankful to
the China Scholarship Council.
References
Alves, M.S., Dadalto, S.P., Gonçalves, A.B., De Souza, G.B., Barros, V.a., Fietto, L.G., 2013.
Plant bZIP transcription factors responsive to pathogens: a review. Int. J. Mol. Sci.
14, 7815–7828. http://dx.doi.org/10.3390/ijms14047815.
Basra, A.S., Malik, C.P., 1984. Development of the cotton ﬁber. International Review of
Cytology, pp. 65–113 http://dx.doi.org/10.1016/S0074–7696(08)61300–5.
Beasley, C.a., Ting, I.P., 1974. Effects of plant growth substances on in vitro ﬁber develop-
ment from unfertilized cotton ovules. Am. J. Bot. 61, 188. http://dx.doi.org/10.2307/
2441189.
Bolton, J.J., Soliman, K.M., Wilkins, T. a, Jenkins, J.N., 2009. Aberrant expression of
critical genes during secondary cell wall biogenesis in a cotton mutant, Ligon lint-
less-1 (Li-1). Comp. Funct. Genomics 2009, 659301. http://dx.doi.org/10.1155/2009/
659301.
Ding, M., Jiang, Y., Cao, Y., Lin, L., He, S., Zhou, W., Rong, J., 2014. Gene expression proﬁle
analysis of Ligon lintless-1 (Li1) mutant reveals important genes and pathways in
cotton leaf and ﬁber development. Gene 535, 273–285. http://dx.doi.org/10.1016/j.
gene.2013.11.017.
Du, Y., Shi, Y., Yang, J., Chen, X., Xue, M., Zhou, W., Peng, Y.-L., 2013. A serine/threonine-
protein phosphatase PP2A catalytic subunit is essential for asexual development
and plant infection in Magnaporthe oryzae. Curr. Genet. 59, 33–41. http://dx.doi.org/
10.1007/s00294-012-0385-3.
Gilbert, M.K., Bland, J.M., Shockey, J.M., Cao, H., Hinchliffe, D.J., Fang, D.D., Naoumkina, M.,
2013a. A transcript proﬁling approach reveals an abscisic acid-speciﬁc glycosyltrans-
ferase (UGT73C14) induced in developing ﬁber of Ligon lintless-2 mutant of cotton
(Gossypium hirsutum L.). PLoS One 8, e75268. http://dx.doi.org/10.1371/journal.
pone.0075268.
Gilbert, M.K., Turley, R.B., Kim, H.J., Li, P., Thyssen, G., Tang, Y., Delhom, C.D., Naoumkina,
M., Fang, D.D., 2013b. Transcript proﬁling by microarray and marker analysis of the
short cotton (Gossypium hirsutum L.) ﬁber mutant Ligon lintless-1 (Li1). BMC Geno-
mics 14, 403. http://dx.doi.org/10.1186/1471–2164-14-403.
Gilbert, M.K., Kim, H.J., Tang, Y., Naoumkina, M., Fang, D.D., 2014. Comparative tran-
scriptome analysis of short ﬁber mutants ligon-lintless 1 and 2 reveals common
mechanisms pertinent to ﬁber elongation in cotton (Gossypium hirsutum L.). PLoS
One 9, 23–25. http://dx.doi.org/10.1371/journal.pone.0095554.
Hochberg, Y., Tamhane, A.C., 1987. Multiple comparison procedures. Wiley Series in Prob-
ability and Statistics http://dx.doi.org/10.1002/9780470316672.
Huang, Q.S., Wang, H.Y., Gao, P., Wang, G.Y., Xia, G.X., 2008. Cloning and characterization
of a calcium dependent protein kinase gene associated with cotton ﬁber develop-
ment. Plant Cell Rep. 27, 1869–1875. http://dx.doi.org/10.1007/s00299-008-0603-0.
Ji, S.J., Lu, Y.C., Feng, J.X., Wei, G., Li, J., Shi Yong-Hui, Y.H., Fu, Q., Liu, D., Luo, J.C., Zhu, Y.X.,
2003. Isolation and analyses of genes preferentially expressed during early cotton
ﬁber development by subtractive PCR and cDNA array. Nucleic Acids Res. 31,
2534–2543. http://dx.doi.org/10.1093/nar/gkg358.
Karaca, M., Saha, S., Jenkins, J.N., Zipf, a, Kohel, R., Stelly, D.M., 1999. Simple sequence re-
peat (SSR) markers linked to the Ligon lintless (Li(1)) mutant in cotton. J. Hered. 93,
221–224.
Koh, S., Wiles, A.M., Sharp, J.S., Naider, F.R., Becker, J.M., Stacey, G., 2002. An oligopeptide
transporter gene family in Arabidopsis. Plant Physiol. 128, 21–29. http://dx.doi.org/10.
1104/pp.010332.1.
Kumar, S., Kumar, K., Pandey, P., Rajamani, V., Padmalatha, K.V., Dhandapani, G.,
Kanakachari, M., Leelavathi, S., Kumar, P.A., Reddy, V.S., 2013. Glycoproteome of elon-
gating cotton ﬁber cells. Mol. Cell. Proteomics 12, 3677–3689. http://dx.doi.org/10.
1074/mcp.M113.030726.
Kwak, P., Wang, Q., Chen, X., Qiu, C., Yang, Z., 2009. Enrichment of a set of microRNAs dur-
ing the cotton ﬁber development. BMC Genomics 10, 457. http://dx.doi.org/10.1186/
1471-2164-10-457.
Lee, J.J., Woodward, A.W., Chen, Z.J., 2007. Gene expression changes and early events in
cotton ﬁbre development. Ann. Bot. 100, 1391–1401 (doi:mcm232 [pii]\r10.1093/
aob/mcm232).
Li, F., Fan, G., Wang, K., Sun, F., Yuan, Y., Song, G., Li, Q., Ma, Z., Lu, C., Zou, C., Chen, W.,
Liang, X., Shang, H., Liu, W., Shi, C., Xiao, G., Gou, C., Ye, W., Xu, X., Zhang, X., Wei,
H., Li, Z., Zhang, G., Wang, J., Liu, K., Kohel, R.J., Percy, R.G., Yu, J.Z., Zhu, Y.-X., Wang,
J., Yu, S., 2014. Genome sequence of the cultivated cotton Gossypium arboreum. Nat.
Genet. 46, 567–572. http://dx.doi.org/10.1038/ng.2987.
Liu, K., Sun, J., Yao, L., Yuan, Y., 2012. Transcriptome analysis reveals critical genes and key
pathways for early cotton ﬁber elongation in Ligon lintless-1 mutant. Genomics 100,
42–50. http://dx.doi.org/10.1016/j.ygeno.2012.04.007.Loukanina, N., Thorpe, T.A., 2008. Arginine and ornithine decarboxylases in embryogenic
and non-embryogenic carrot cell suspensions. In Vitro Cellular & Developmental
Biology — Plant 44, pp. 59–64. http://dx.doi.org/10.1007/s11627-007-9080-3.
Mei, W., Qin, Y., Song, W., Li, J., Zhu, Y., 2009. Cotton GhPOX1 encoding plant class III per-
oxidase may be responsible for the high level of reactive oxygen species production
that is related to cotton ﬁber elongation. J. Genet. Genomics 36, 141–150. http://dx.
doi.org/10.1016/S1673-8527(08)60101-0.
Naoumkina, M., Thyssen, G.N., Fang, D.D., 2015. RNA-seq analysis of short ﬁber mutants
Ligon-lintless-1 (Li 1) and -2 (Li 2) revealed important role of aquaporins in cotton
(Gossypium hirsutum L.) ﬁber elongation. BMC Plant Biol. 15, 65. http://dx.doi.org/
10.1186/s12870–015-0454-0.
Padmalatha, K.V., Patil, D.P., Kumar, K., Dhandapani, G., Kanakachari, M., Phanindra, M.L.,
Kumar, S., Mohan, T.C., Jain, N., Prakash, A.H., Vamadevaiah, H., Katageri, I.S.,
Leelavathi, S., Reddy, M.K., Kumar, P.A., Reddy, V.S., 2012. Functional genomics of
fuzzless-lintless mutant of Gossypium hirsutum L. cv. MCU5 reveal key genes and
pathways involved in cotton ﬁbre initiation and elongation. BMC Genomics 13, 624.
http://dx.doi.org/10.1186/1471–2164-13-624.
Pang, Y., Wang, H., Song, W.-Q., Zhu, Y.-X., 2010. The cotton ATP synthase δ1 subunit is
required tomaintain a higher ATP/ADP ratio that facilitates rapid ﬁbre cell elongation.
Plant Biol. (Stuttgart, Germany) 12, 903–909. http://dx.doi.org/10.1111/j.1438–8677.
2009.00313.x.
Perrin, R.M., 2008. Glycosyltransferases in plant cell wall synthesis. Encyclopedia of Life
Sciences http://dx.doi.org/10.1002/9780470015902.a0020102.
Qin, Y.M., Hu, C.Y., Zhu, Y.X., 2008. The ascorbate peroxidase regulated by H2O2 and eth-
ylene is involved in cotton ﬁber cell elongation bymodulating ROS homeostasis. Plant
Signal. Behav. 3, 194–196. http://dx.doi.org/10.1111/j.1469.
Rong, J., Pierce, G.J., Waghmare, V.N., Rogers, C.J., Desai, A., Chee, P.W., May, O.L.,
Gannaway, J.R., Wendel, J.F., Wilkins, T.A., Paterson, A.H., 2005. Genetic mapping
and comparative analysis of seven mutants related to seed ﬁber development in cot-
ton. Theor. Appl. Genet. 111, 1137–1146. http://dx.doi.org/10.1007/s00122-005-
0041-0.
Samuel Yang, S., Cheung, F., Lee, J.J., Ha, M., Wei, N.E., Sze, S.H., Stelly, D.M., Thaxton, P.,
Triplett, B., Town, C.D., Jeffrey Chen, Z., 2006. Accumulation of genome-speciﬁc tran-
scripts, transcription factors and phytohormonal regulators during early stages of
ﬁber cell development in allotetraploid cotton. Plant J. 47, 761–775. http://dx.doi.
org/10.1111/j.1365-313X.2006.02829.x.
Shan, C.-M., Shangguan, X.-X., Zhao, B., Zhang, X.-F., Chao, L.-M., Yang, C.-Q., Wang, L.-J.,
Zhu, H.-Y., Zeng, Y.-D., Guo, W.-Z., Zhou, B.-L., Hu, G.-J., Guan, X.-Y., Chen, Z.J.,
Wendel, J.F., Zhang, T.-Z., Chen, X.-Y., 2014. Control of cotton ﬁbre elongation by a
homeodomain transcription factor GhHOX3. Nat. Commun. 5, 5519. http://dx.doi.
org/10.1038/ncomms6519.
Shao, M.Y., Wang, X.D., Ni, M., Bibi, N., Yuan, S.N., Malik, W., Zhang, H.P., Liu, Y.X., Hua, S.J.,
2011. Regulation of cotton ﬁber elongation by xyloglucan endotransglycosylase/hy-
drolase genes. Genet. Mol. Res. 10, 3771–3782. http://dx.doi.org/10.4238/2011.
October.27.1.
Shi, Y.Y., Zhu, S.S., Mao, X.X., Feng, J.J., Qin, Y., Zhang, L., Cheng, J., Wei, L., Wang, Z., Zhu, Y.,
2006. Transcriptome proﬁling, molecular biological, and physiological studies reveal
a major role for ethylene in cotton ﬁber cell elongation. Plant Cell 18, 651–664.
http://dx.doi.org/10.1105/tpc.105.040303.1.
Theiss, C., Bohley, P., Voigt, J., 2002. Regulation by polyamines of ornithine decarboxylase
activity and cell division in the unicellular green alga Chlamydomonas reinhardtii.
Plant Physiol. 128, 1470–1479. http://dx.doi.org/10.1104/pp.010896.
Thyssen, G.N., Fang, D.D., Turley, R.B., Florane, C., Li, P., Naoumkina, M., 2014. Next gener-
ation genetic mapping of the Ligon-lintless-2 (Li₂) locus in upland cotton (Gossypium
hirsutum L.). TAG. Theoretical and applied genetics. Theoretische und Angewandte
Genetik 127, 2183–2192. http://dx.doi.org/10.1007/s00122-014-2372-1.
Tiwari, S.C., Wilkins, T.A., 1995. Cotton (Gossypium-hirsutum) seed trichomes expand via
diffuse growing mechanism. Can. J. Bot.-Revue Canadienne De Botanique 73,
746–757. http://dx.doi.org/10.1139/b95-081.
Wang, H.-Y., Yu, Y., Chen, Z.-L., Xia, G.-X., 2005. Functional characterization of Gossypium
hirsutum proﬁlin 1 gene (GhPFN1) in tobacco suspension cells. Characterization of
in vivo functions of a cotton proﬁlin gene. Planta 222, 594–603. http://dx.doi.org/
10.1007/s00425-005-0005-2.
Wang, Q.Q., Liu, F., Chen, X.S., Ma, X.J., Zeng, H.Q., Yang, Z.M., 2010. Transcriptome proﬁl-
ing of early developing cotton ﬁber by deep-sequencing reveals signiﬁcantly differen-
tial expression of genes in a fuzzless/lintless mutant. Genomics 96, 369–376. http://
dx.doi.org/10.1016/j.ygeno.2010.08.009.
Wheeler, D.L., Church, D.M., Federhen, S., Lash, A.E., Madden, T.L., Pontius, J.U., Schuler,
G.D., Schriml, L.M., Sequeira, E., Tatusova, T.a., Wagner, L., 2003. Database resources
of the national center for biotechnology. Nucleic Acids Res. 31, 28–33. http://dx.doi.
org/10.1093/nar/gkg033.
Zhou, Z., Sun, L., Zhao, Y., An, L., Yan, A., Meng, X., Gan, Y., 2013. Zinc ﬁnger protein 6
(ZFP6) regulates trichome initiation by integrating gibberellin and cytokinin signal-
ing in Arabidopsis thaliana. New Phytol. 198, 699–708. http://dx.doi.org/10.1111/
nph.12211.
